Bulk and surface switching in Mn-Fe-based Prussian Blue Analogues 
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Many Prussian Blue Analogues are known to show a thermally induced phase transition close to 
room temperature and a reversible, photo-induced phase transition at low temperatures. This work 
reports on magnetic measurements, X-ray photoemission and Raman spectroscopy on a particular 
class of these molecular heterobimetallic systems, specifically on Rbo.g7Mn[Fe(CN)6]o.98'1.03H20, 
Rbo.8iMn[Fe(CN)6]o.95-1.24H20 and Rbo.70Cuo.22Mno.78 [Fe(CN)6]o.86-2.05H20, to investigate these 
transition phenomena both in the bulk of the material and at the sample surface. Results indicate 
a high degree of charge transfer in the bulk, while a substantially reduced conversion is found at the 
sample surface, even in case of a near perfect (Rb:Mn:Fe=l:l:l) stoichiometry. Thus, the intrinsic 
incompleteness of the charge transfer transition in these materials is found to be primarily due to 
surface reconstruction. Substitution of a large fraction of charge transfer active Mn ions by charge 
transfer inactive Cu ions leads to a proportional conversion reduction with respect to the maximum 
conversion that is still stoichiometrically possible and shows the charge transfer capability of metal 
centers to be quite robust upon inclusion of a neighboring impurity. Additionally, a 532 nm photo- 
induced metastable state, reminiscent of the high temperature Fe^'^Mn^' ground state, is found at 
temperatures 50-100 K. The efficiency of photo-excitation to the metastable state is found to be 
maximized 90 K. The photo-induced state is observed to relax to the low temperature Fe^^Mn^'' 
ground state at a temperature of approximately 123 K. 
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I. INTRODUCTION 

In recent history, a substantial amount of scientific 
interest has been directed towards photomagnetic mate- 
rials from a technological, application-oriented point of 
view, due to their favorable properties Among materi- 
als displaying photo-induced spin-crossoveri2i2iiii^i^ and 
valence tautomerism^'^ d°di , an important subclass is 
formed by the so-called Prussian Blue Analogues. These 
molecular heterobimetallic coordination compounds 
exhibit intervalence charge transfer transitions induced 
by various external stimuli (temperature^^, pressur o^'^'^^ , 
visible lighliii^ and X-rays.—) A prominent member of 

this subclass is Rb^Mn[Fe(CN)6] (2+x) ■zHzQ^'^'^'^, 
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which undergoes a temperature-induced charge trans- 
fer transition from a high temperature cubic lattice, 
space group FASm (HT phase), to a low temperature 
tetragonal (/4m2) phase (LT phase). This reversible, 
entropy-driver*i2i^ phase transition, which is described 
by Fe"i(ti^, S=V2)-CN-Mn"(t3^e2^ S-5/2) ^ Fc''{t%, 
S=0)-CN-Mn"i(t^gej, S=2), occurs not only under the 
influence of temperature (HT^LT at - 225 K, LT^HT 
at ~ 290 K), but can also be induced by visible light 
irradiation at various temperature a^^'^°i^^'^^i^^ , by hy- 



drostatic pressureii and possibly by X-ray radiationJ^ 
In addition, these type of Prussian Blue Analogues have 
demonstrated a variety of other interesting properties 
such as a pressure-induced magnetic pole inversion^ 
and multiferroicity^i. The capability of these materials 
to display switching phenomena, however, is known to 
depend rather crucially on its exact stoichiometry 
Even though it has been established that the de- 
gree of conversion in these materials is maximized 
for systems closest to a Rb:Mn:Fe stoichiometry of 
1:1:1, there appears to be an intrinsic limit to the 
maximum conversion achieved. To our knowledge, 

no Rb2:Mn[Fe(CN)6] {2+£) •ZH2O system has ever been 
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shown to undergo a complete transition from either 
configuration (Fe^^^Mn^^ or Fe^^Mn^^^) to the other. 

That is, all data on Rba;Mn[Fe(CN)6] (2+x) •ZH2O systems 
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seem to indicate the presence of at least small amounts 
of the HT configuration (Fe^^^Mn^^) when in the LT 
phase (configuration Fc^^^Mn^^) and often also vice versa. 
The present understanding is that this incompleteness 
originates from the intrinsic local inhomogeneities of 
these materials, such as Fe(CN)6-vacancies and alkali ion 
nonstoichiometry. This paper investigates where exactly 
the intrinsic incompleteness of the transition stems 
from in two ways: Firstly, by comparing the charge 
transfer (CT) properties of the bulk material to those 
of the surface material for both a 'near perfect' (close 
to 1:1:1 stoichiometry) sample and a less stoichiometric 
sample. Secondly, by quantitatively investigating the 
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effect of substituting part of the metal ions involved 
in the CT transition by CT-inactive ions. Three 
different samples, Rbo.97Mn[Fe(CN)6]o.98-l-03H20, 
Rbo.8iMn[Fe(CN)6]o.95-1.24H20, and Rbo.70Cuo.22- 
Mno.78[Fe(CN)6]o.86'2.05H20 are quantitatively com- 
pared utilizing different experimental techniques, which 
are all capable of distinguishing between the two config- 
urations (Fe^^Mn" (HT) and Fe"Mn"i (LT)). Magnetic 
measurements are performed to obtain information on 
the bulk properties of the various samples, while XPS 
spectroscopy is used to extract the surface properties. 
Finally, Raman scattering is employed as a tertiary 
probe to investigate the materials' properties. 



II. EXPERIMENTAL METHODS 



A. Sample synthesis 

All chemicals (of analytical grade) were purchased 
at Sigma-Aldrich and used without further purifica- 
tion. Rbo.97Mn[Fc(CN)6]o.98-l-03H20 (sample A) and 
Rbo.8iMn[Fe(CN)6]o.95-l-24H20 (sample B) are, respec- 
tively, samples 3 and 4 of a previous publicationi^ Their 
synthesis and detailed initial characterization can be 
found there. Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20 
(sample C) was prepared similarly, by slowly adding a 
mixed aqueous solution (25mL) containing CuCl2 -21120 
(0.085 g, 0.02 M) and MnCl2-4H20 (0.396 g, 0.08 M) to a 
mixed aqueous solution (25 mL) containing K3[Fe(CN)6] 
(0.823 g, 0.1 M) and RbCl (3.023 g, 1 M). The addi- 
tion time was 20 minutes and the resulting solution was 
stirred mechanically and kept at a temperature of 50° C 
both during the addition time and for the subsequent 
hour. A brown powder precipitated. This was cen- 
trifuged and washed twice with distilled water of room 
temperature. The powder was allowed to dry in air for 
about 12 hours at room temperature. Yield (based on Mn 
-I- Cu): 81 %. Elemental analysis (details in Support- 
ing Information) showed that the composition of sam- 
ple C was Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86 - 2.05 H2O. 
X-ray powder diffraction showed that the sample was pri- 
marily (weight fraction 80.4(8) %) in the typical i^43m 
phase with the other fraction (19.6(8) %) in the /4to2 
phase. The sample was confirmed to be single phase; 

phase separation into Rba;Mn[Fe(CN)6] (2+x) ■ZH2O and 
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Rba;Cu[Fe(CN)g] (2+x) ■ZH2O fractions was excluded. See 
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for details the Supporting Information. As noted in 
a previous paper—, the samples under discussion here 
deviate from a perfect Rb:Mn(-|-Cu):Fe stoichiometry 
of 1:1:1. This deviation is ascribed to [Fe(CN)g]'^~ 
vacanciesiii^i^ which are filled by H2O molecules, con- 
sistent with the hydration found in the materials. 



B. Instrumentation and measurement 

Magnetic measurements. Magnetic measurements 
were performed on a Quantum Design MPMS magne- 
tometer equipped with a superconducting quantum inter- 
ference device (SQUID). Samples were prepared by fixing 
20-30 mg of the compound (0.5 mg weight accuracy) be- 
tween two pieces of cotton wool in a gelcap. For the 
magnetic susceptibility measurements of samples A and 
B, the samples were first slowly cooled from room tem- 
perature to 5 K (to ensure the samples are not quenched 
in their HT phase^i). Then the field was kept constant at 
0.1 T while the temperature was varied from 5 K to 350 
K and back to 150 K (rate < 4 K/min.). For the mag- 
netic susceptibility measurements of sample C the field 
was kept constant at 0.1 T while the temperature slowly 
varied from 330 to 5 K and back to 330 K. 

X-ray photoemission spectroscopy. X-ray photoemis- 
sion spectroscopy (XPS) data were collected at the IFW 
Leibniz Institute for Solid State and Materials Research 
in Dresden, using a SPECS PHOIBOS-150 spectrome- 
ter equipped with a monochromatic Al X-ray source 
{hi/ — 1486.6 eV); the photoelectron take off angle was 
90° and an electron flood gun was used to compensate for 
sample charging. The spectrometer operated at a base 
pressure of 1 • lO^^*' Torr. Evaporated gold films sup- 
ported on mica served as substrates. Each powdered mi- 
crocrystalline sample was dispersed in distilled-deionized 
water, stirred for 5 minutes, and a few drops of the re- 
sulting suspension were left to dry in air on a substrate. 
Directly after drying, the samples were introduced into 
ultra high vacuum and placed on a He cooled cryostat 
equipped with a Lakeshore cryogenic temperature con- 
troller to explore the 50-350 K temperature range. All 
binding energies were referenced to the nitrogen signal 
(cyanide groups) at 398 eVi^ No X-ray induced sample 
degradation was detected. Spectral analysis included a 
Tougaard background subtraction^^ and peak deconvolu- 
tion employing Gaussian line shapes using the WinSpec 
program developed at the LISE laboratory. University of 
Namur, Belgium. 

Raman scattering. Inelastic light scattering experi- 
ments in the spectral region 2000-2300 cm~^ (the spectral 
region of the C-N stretching vibration) were performed in 
a 180° backscattcring configuration, using a triple grating 
micro- Raman spectrometer (T64000-Jobin Yvon), con- 
sisting of a double grating monochromator (acting as a 
spectral filter) and a polychromator which disperses the 
scattered light onto a liquid N2 cooled CCD detector. 
The spectral resolution was better than 2 cm~^ for the 
spectral region considered. Sample preparation was iden- 
tical to that for XPS measurements and samples were 
placed in a liquid He cooled optical flow-cryostat (Ox- 
ford Instruments), where the temperature was stabilized 
with an accuracy of 0.1 K throughout the whole temper- 
ature range (from 300 to 50 K). A fraction of the second 
harmonic output of a Nd:YV04 laser (532.6 nm, Verdi- 
Coherent) was used as an excitation source and focused 
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on the samples using a 50x microscope objective (Olym- 
pus, N.A. 0.5). The power density on the samples was of 
the order of 600 W cm~^. 



III. RESULTS AND DISCUSSION 
A. Magnetic susceptibility measurements 

The inverse of the molar magnetic susceptibility, Xm ' 
of the three samples is plotted in fig. [1] as a function 
of temperature. In all three samples the magnetic 
properties show a thermal hysteresis; when heating the 
sample from 5 K up. a decrease in Xm ^ accompanied by 
a decrease in the slope of the ' ^"'^^^^'^j occurs at a 
characteristic temperature Ti/2T: signaling the charge 
transfer (CT) transition from the Fe"-CN-Mni" (LT) 
configuration to the Fc^'^^-CN-Mn^^ (HT) configuration. 
Subsequent cooling shows the samples undergoing the 
reverse transition at a temperature T1/2J., which is 
significantly lower than ^^1/2]- Temperatures T]^/2T ^-nd 
Ti/2i are defined as the temperatures at which half of 
the CT transition has occurred in the respective heating 
and cooling runs. Values of Ti/2i = 240 K and T1/2T = 
297 K for sample A (Rbo.97Mn[Fe(CN)6]o.98-l-03H20), 
Ti/2i = 197 K and T1/2T = 283 K for sample 
B (Rbo.8iMn[Fe(CN)6]o.95-l-24H20) and Ti/2i 
= 170 K and T1/2T = 257 K for sample C 
(Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20), as ex- 
tracted from corresponding XM^-curves, yield hysteresis 
widths of 57, 86 and 87 K, respectively. 

The magnetic properties of these samples 
are comparable to those reported for other 
Rb^Mn[Fe(CN)6] (2+^) -zHzO compounds Jii^i23i29 
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The samples discussed here are consistent with the 
correlation between stoichiometry and hysteresis prop- 
erties as found by Ohkoshi et ali^ and Cobo et al^ 
That is, with increasing amount of Fc(CN)6 vacancies, 
Ti/2i, T1/2T and the amount of Rb in the sample 
decrease, while AT=(Ti/2T-Ti/2j,) and the amount 
of H2O in the sample increase. For all samples, the 
susceptibility of both the LT and HT phase was fit to 
Curie- Weiss behavior (x^/ = -^^-^r^), the corresponding 
fits are depicted by the blue (LT) and red (HT) lines 
in figure [TJ Fits to the LT phase data were done in 
the temperature range from 20 K up to approximately 
10 K below the respective T1/2T temperatures, while 
the fits to the data of the HT phases were done in the 
range from approximately 10 K above the respective 
Ti/2i temperatures up to the maximum measurement 
temperature (325 K). From these fits we extracted the 
corresponding Curie constants (C), which are reported 
in table |T1 Theoretical values of the Curie constant, 
C, were calculated^ for the assumed HT and LT 
phases of samples A (Rbo.97Mn[Fe(CN)6]o.98-l-03H20), 
B (Rbo.8iMn[Fe(CN)6]o.95-L24H20) and C 
(Rbo.7oCuo.22Mno.78[Fc(CN)6]o.86-2.05H20) and are 



also given in table [D The fits also yielded the character- 
istic temperatures for all samples in both the HT and 
LT phases. Upon incorporation of ferromagnetic interac- 
tions in the system (present in the HT phase of sample 
C, where Fe^^^ and Cu^^ ions interact ferromagnetically), 
one would expect to see a shift of the negative 9 to 
smaller values (antiferromagnetic interactions remain 
dominant). Indeed, such a shift can be seen {6 = —7.7 
K, —17.6 K and —6.2 K for sample A, B and C, respec- 
tively.). However, the 9 values extracted from the HT 
fits are the result of an extrapolation over approximately 
200 K, which would make the observed shift be within 
the expected error bars. The 9 values corresponding to 
the LT fits do not show an obvious trend {9 = 9.6 K, 
4.1 K and 6.5 K, respectively), which can be explained 
by the fact that in the LT the majority of the Fe ions 
have assumed the S ~ 0, Fe^^ configuration. The result 
is that the ferromagnetic Mn-Mn interaction dominates 
the extracted parameters. 

The theoretical C values calculated for sample A are, 
within the experimental accuracy, in good agreement 
with those obtained from the Curie- Weiss fit. In com- 
bination with the fact that in the calculations^Si all Fe 
ions and a stoichiometric amount of Mn ions were as- 
sumed to undergo the charge transfer (CT) transition 
in going from the HT to the LT configuration, these C 
values indicate that nearly all metal ions in sample A 
(which is very close to the 'perfect' 1:1:1 stoichiometry) 
undergo CT, resulting in a near maximum change in the 
magnetic properties. The calculated C value for the HT 
phase of sample B is slightly higher than the experimen- 
tal value by about 0.3 emu K mol"-'^. This might indicate 
that the sample contains trace amounts of magnetic im- 
purities, which would increase the experimental C-value. 
The Curie constant calculated for the LT phase of sam- 
ple B is also lower than its experimental value. Aside 
from aforementioned considerations, this difference can 
be explained by realizing that while the calculations as- 
sume a maximum possible degree of CT in the samples, 
this is not necessarily the case (Sample B deviates some- 
what from the 1:1:1 stoichiometry). Thus, the difference 
can be ascribed to a fraction of the magnetic species not 
undergoing the CT transfer transition, even though the 
stoichiometry of the material would allow for it (i.e. ex- 
cluding the magnetic species that do not undergo CT 
due to nonstoichiomctry of Fe and Mn). This fraction 
will hereafter be referred to as the "inactive fraction" 
(IF) of the material. The estimated inactive fraction of 
each sample is also given in table U for both bulk (or more 
accurately, for bulk + surface material, as extracted from 
the magnetic measurements^) and surface material (as 
extracted from XPS spectra— (vide infra)). 

The Curie constants calculated for sample C are some- 
what lower due to the partial substitution of Mn ions 
by Cu^^ entities {S = 1/2) in the sample (the Cu ions 
are assumed to remain divalent at all temperatures, 
which is verified by the XPS measurements (vide in- 
fra)), the experimentally found value for the HT phase 
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TABLE I: Curie constants (C, emu K mol ^) and 'inactive fractions' (IFs, see text) for all samples 

Sample (phase) C (exp.)" C (calc.)^ IF (bulk, %)''^ IF (surface, %)''^ 

A (HT-phase) 4.87 ± 0.13 4.75 1 ± 1.9 72 ± 0.5 

A (LT-phase) 3.04 ± 0.09 3.03" 1 ± 1.9 72 ± 0.5 

B (HT-phase) 5.03 ± 0.06 4.73 28 ± 1.1 65 ± 0.5 

B (LT-phase) 3.53 ± 0.05 3.07" 28 ± 1.1 65 ± 0.5 

C (HT-phase) 3.65 ± 0.13 3.82 24 ± 0.8 78 ± 0.5 

C (LT-phase) 2.78 ± 0.11 2.45" 24 ± 0.8 78 ± 0.5 

[IJErrors are mostly due to the uncertainty in the weight of the samples. This error is the same for both phases of a particular 

compound. The fitting error is of the order of 0.02 emu K mol~^. 
[2] The inactive fraction is defined as the fraction of the magnetic species not undergoing the CT transition, even though CT is 
stoichiometrically possible. I.e., the magnetic species that do not undergo CT due to Fe:Mn nonstoichiometry are excluded. 
[3] The calculation of the C value requires assumptions on the degree of charge transfer in the compound. These calculated 
values correspond to the case of maximum stoichiometrically possible degree of conversion in each of the samples. See text for 

details. 



is consistent with calculations. In the calculation of 
the Curie constant of the LT phase, all the Mn ions 
and the corresponding number of Fe ions were assumed 
to have undergone the CT transition. Whether or not 
a metal ion undergoes the CT transition in these sys- 
tems is known, however, to depend on the local sto- 
ichiometry in the systemJ^i^i^^ Therefore, the calcu- 
lation, which effectively ignores the effect of the Cu 
ions on the CT probability of the other metal ions, 
is only a lower limit to the LT phase Curie constant, 
which corresponds to the case of maximum magnetic 
change across the transition for the given stoichiometry 
(Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20) (i.e., assum- 
ing IF = in the material). And indeed, the C-value 
found for the LT phase of sample B is somewhat larger 
than this calculated lower limit, as would be intuitively 
expected upon the incorporation of Cu ions into the lat- 
tice. For comparison, assuming a random distribution 
of the Cu ions on the Mn positions, the expected Curie 
constant for the LT phase would be 3.48 emu K mol~^ 
(IF = 75.2 %) if only the Fc ions surrounded by 6 Mn 
ions (Fe[-CN-Mn]6 clusters) are assumed to undergo the 
CT transition, 2.91 emu K mol"^ (IF = 33.1 %) when 
also the Fe ions in a MnsCu environment would transfer 
an electron and 2.50 emu K mol^^ (IF = 3.5 %) when 
in addition even the Fe ions in Mn4Cu2 surroundings 
would undergo CT. The experimentally found C value 
(2.78 emu K mol~^) indicates the magnetic properties 
are quite robust upon Cu-substitution; an estimated 76 
% of the maximum possible CT transfer is still achieved 
(IF ~ 24 %), which is even more than is the case for 
sample B (IF = ~ 28 %). Moreover, it suggests the sub- 
stitution of one (and possibly even two) Mn ion by a Cu 
ion in the Fe[-(CN)-Mn]6 cluster does not 'deactivate' 
the CT-capability of the Fe-ccnter, nor docs it appear to 
reduce the cooperativity in the material, since the CT 
transition occurs in a similar short temperature interval 



in all samples (see fig. [T]). 



B. X-ray Photoemission Spectroscopy (XPS). 

XPS is a direct method for identifying the surface com- 
position of a compound as well as the oxidation state of 
the various elements at the surface. Hence this technique 
is well suited to follow the phase transition as a func- 
tion of temperature. Indeed, as the structural change 
of the compound is accompanied by a charge transfer 
between metallic ions, XPS will accurately quantify the 
corresponding changes in the oxidation states of the ele- 
ments at the surface of the material. 

Sample A (Rbo.97Mn[Fc(CN)6]o.98-l-03H20). Figure 
[5] shows the Fe 2p3/2 core level photoemission spectrum 
of sample A at room temperature and at 140 K, as well as 
fits to the raw data. At both temperatures, the Fe 2^3/2 
signal consists of three distinct contributions: the Fe'^^ 
line at 708.8 eV binding energy, the Fe"^ line at 710.5 eV 
and the Fe'^^ satellite at 711.7 eV, the latter appearing 1.2 
eV higher in binding than the Fe^^^ main line, having 30 
% of its intensity By comparing the relative intensities 
of the Fc^^ and Fe^^^ components in the room temperature 
spectrum, one deduces that the surface material of the 
compound is composed of 76 % Fe^^^ and 24 % Fe^^. No 
spectral changes are detected with respect to the room 
temperature data when slowly cooling the sample to 252 
K (rate ^2 K/min., spectrum not shown here), just above 
the HT to LT phase transition (see figure [T|). As previ- 
ously mentioned, further cooling to 140 K induces a tran- 
sition from the HT to the LT phase, accompanied by an 
electron transfer from the Mn^^ to the Fe^^^ ions which is 
described as Fe™(t|g, S=V2)-CN-Mn"(t^ge2, 8=5/2) -> 
Fc"(t^g, S=0)-CN-Mn"i(t3^ei, S=2). The photoemis- 
sion spectrum of the Fe 2^3/2 clearly qualitatively sup- 
ports this transition, since the Fc^^^/Fc^^ ratio after the 
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FIG. 1: Xm ^ ^ function of temperature 
for samples A (Rbo.97Mn[Fe(CN)6]o.98-1.03H20), 
B (Rbo.8iMn[Fe(CN)6]o.95-1.24H20) and C 

(Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20), showing the 
magnetic properties of the materials. The Curie- Weiss law 
was fitted to the data of both the HT and LT phases of 
the samples, the corresponding fits are indicated by the 
blue (LT) and red (HT) lines in the graphs. From the 
fits, experimental Curie constants (C) were extracted (see 
text). Dashed arrows indicate the temperature dependence 
of the data as measured in successive heating and cooling 
runs, while vertical indicate the corresponding transition 
temperatures. 



transition is 48 %/52 %. However, the relative spectral 
intensities of the Fe^^^ and Fe^^ components also show 
that the Fe^^^— ^Fe^^ conversion at the surface is far from 
complete (IF — 72 %), in contrast to the magnetic sus- 
ceptibility measurements, which indicate a near complete 
conversion for the bulk (see also table |T|. This is ex- 
plained by the surface sensitivity of the XPS technique, 
since the surface composition and structure can differ 
substantially from that of the corresponding bulk due to 
surface reconstruction. Thus, probing this surface stoi- 
chiometry using XPS shows the estimated^i inactive frac- 
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FIG. 2: Fe 2p3/2 core level photoemission spectra of sample A 
(Rbo.97Mn[Fe(CN)6]o.98T.03H20) collected at 300 and 140 K; 
fits to the raw data are depicted as solid lines. Spectra labeled 
a) are recorded during the cooling cycle, whereas the spectrum 
labeled b) refers to the measurement done after warming back 
up to 300 K. The binding energy scale is corrected for the 
temperature dependent shift (see text) for clarity. 



tion of the surface material to be substantially larger in 
sample A. 

Sample B (Rbo.8iMn[Fe(CN)6]o.95-l-24H20). The 
left panel of figure [3] shows the Fe 2^3/2 core level pho- 
toemission spectrum (fits and raw data) of sample B for 
various temperatures, collected starting from 325 K, then 
while cooling to a minimum temperature of 50 K and suc- 
cessively warming up back to 325 K (cooling and warming 
rates both ~2 K/min.). As in the photoemission spec- 
trum of sample A, the Fe 2^3/2 signal consists of three 
distinct features: the Fe^^ line at 708.8 eV binding en- 
ergy, the Fe"^ fine at 710.5 eV and the Fe"^ satellite at 
711.7 eV. Additionally, a fourth small feature appears at 
the high binding energy side of the Fe 2^3/2 signal. This 
contribution, which grows larger with decreasing temper- 
ature, is attributed to a contribution of the Fe^^ shake up 
satellite. By comparing the relative Fe^^^/Fe^^ intensity 
ratio for 325 K, 135 K and 50 K one observes the same 
trend as mentioned for sample A. The sample initially 
(at 325 K) consists of 85 % of Fe"i and 15 % of Fe" and 
upon cooling, a decrease in the Fe^^^ peak intensity is ob- 



6 



served, whereas the Fe^^ peak intensity simuhaneously in- 
creases, consistent with the charge transfer between Fe^^^ 
and Mn^^ ions. Spectra recorded at 135 K and 50 K both 
reveal similar Fe^^'^/Fe^'^ ratios, namely 51 %/49 % and 
50 %/50 %, respectively, in qualitative agreement with 
the magnetic susceptibility measurements (figure [ij . As 
for sample A, quantitative differences are due to the sur- 
face sensitivity of the XPS technique and the increased 
inactive fraction of the surface material with respect to 
that of the bulk (-72 % vs. ~28 %, respectively). 



c 

TO 



Fe2p3/2 ^ 


325K 




a1) 












it 135K 




% \ a2) 








\ \ 




325K 




b) 




714 712 710 708 706 

Binding energy (eV) 



1 I I I I r 

714 712 710 708 706 704 

Binding energy (eV) 



FIG. 3: Left panel: Fe 2p3/2 core level photoemission spectra 
of sample B (Rbo.8iMn[Fe(CN)6]o.95-1.24H20) collected at 
325, 135 and 50 K; solid lines depict fits to the raw data. Spec- 
tra labeled a) are recorded during the cooling cycle, whereas 
the spectrum labeled b) refers to the measurement done af- 
ter warming back up to 325 K. The binding energy scale is 
corrected for the temperature dependent shift (see text) for 
clarity. The right panel shows the evolution of the Fe 2p3/2 
core level photoemission spectrum as sample B is warmed up 
from 182 to 325 K. Consecutive spectra are ~8 K apart. The 
binding energy scale is not rescaled here. 

In order to visualize the continuous conversion across 
the CT transition in the surface material, we also 
recorded a series of Fe 2^)3/2 spectra while slowly warm- 
ing up the sample at a constant rate (—3.5 K/min.). The 
right panel of figure [3] shows this sequence starting at 182 
K and reaching 325 K with a temperature step of ~8 K 
between spectra. The series clearly shows a continuous 
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FIG. 4: Comparison between Fe fractions in bulk and sur- 
face material of sample B when heated through the CT transi- 
tion. Bulk data (estimated from x^^T values) shows a much 
larger conversion fraction across a rather abrupt transition, 
whereas surface data (as extracted from XPS spectra) shows 
a substantially smaller and smooth conversion. 



conversion from the LT to the HT configuration, testified 
to by the steadily decreasing intensity of the Fe^^ peak 
and the increasing Fe^^^ spectral intensity. Thus, in con- 
trast to the bulk material, the surface material undergoes 
a smooth transition from the HT to the LT phase, be- 
coming progressively Fe^^^Mn^^ due to the charge transfer 
from Fc^^ to Mn^^^ ions (see also fig. |4]) . In the right panel 
of figurc[3]a slight shift of the Fe 2^3/2 peak toward higher 
binding energy is observed when increasing the temper- 
ature. A similar binding energy shift is observed for the 
Mn spectra (not shown). Comparable shifts where ob- 
served for all samples and cannot simply be attributed 
to sample charging since the Rb and Fc shifts occur in 
opposite directions. These shifts arc due to a charge de- 
localization in the CN vicinities.— 

To illustrate the large differences between surface and 
bulk behavior across the CT transition, the fraction of 
Fc^^^ versus temperature is plotted in figure [3] for both 
bulk and surface material of sample B, during a heating 
process. Data for the bulk curve are estimated from cor- 
responding xmT values, using the same formula as was 
used to calculate Curie constantsi^ Data for the surface 
curve are extracted from the XPS spectra of the warming 
sequence in the right panel of figure [3l The figure nicely 
visualizes the differences: bulk material shows a high de- 
gree of conversion (IF — 28 %) and displays a rather 
abrupt transition, while surface material shows a much 
smoother transition of a substantially lower amount of 
Fe ions. Also, neither the HT phase nor the LT phase 
of the surface material consists of only one configuration 
(Fe"^Mn" or Fe^Mn"^). The differences are attributed 
to a strongly increased degree of disorder and inhomo- 
gcneity at the surface of the material, which increases 
the inactive fraction and effectively eliminates coopcra- 
tivity between the metal centers, resulting in a smooth 
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transition across a broad temperature range. 

Sample C (Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20) 
The left panel of figure [5] shows the Fe 2^3/2 core level 
photocmission spectrum (fits and raw data) of sample C 
for six temperatures, recorded during cooling down from 
325 K to 50 K and subsequent warming up back to 325 
K. As in samples A and B discussed above, the Fe 2^3/2 
signal of sample C consists of the same three distinct 
features; the Fe" line at 708.8 eV, the Fe"^ line at 710.5 
eV and the Fe"^ satellite at 711.7 eV. What distinguishes 
sample C from the others is the fact that it contains w 
22 % of copper on the Mn positions. As expected, due 
to the inclusion of Cu into the lattice, sample C (fig. E]) 
shows a lower absolute Fe"^ to Fe" surface conversion 
in comparison to samples A and B: starting out from 

77 % Fc"i and 23 % Fe" at 325 K, the sample shows 
a minimum ratio of 57 % Fe"^ and 43 % Fe" at 50 K. 
Comparison of the surface inactive fractions (in which 
the maximum degree of CT that is stoichiometrically 
possible is taken into account) however, shows the 
degree of conversion not to be anomalous (see table H]). 
As for the previous two samples A and B, the surface 
IF is much higher than the corresponding bulk IF (~ 

78 % vs. ~ 24 %), showing that also for sample C the 
phase transition is far from complete at the surface of 
the sample. 

Additional information about the role of Cu comes 
from the Cu 2^3/2 core level photoemission data shown 
in the right panel of figure O One observes that the main 
peak at 935 eV^ remains constant in intensity and bind- 
ing energy throughout the temperature loop, revealing 
that the chemical environment of the copper does not 
change across the phase transition. One can therefore 
conclude that copper is not involved in the charge trans- 
fer process. 



C. Raman Spectroscopy. 

Inelastic light scattering is employed in order to indi- 
rectly determine the electronic and magnetic properties 
of the materials by addressing the vibrational stretch- 
ing mode of its CN-moieties. In fact, the frequency of 
this vibrational mode, i'cn, is highly sensitive to the lo- 
cal environment of the CN-moiety. Upon coordination, 
I'CN will typically shift from its unbound ion frequency, 
2080 cm~^, to a higher frequency, characteristic of the lo- 
cal environment 1^ The extent of this shift is dependent 
on the electronegativity, valence and coordination num- 
ber of the metal ion(s) coordinated to the CN-group and 
whether they are coordinated to the C or the N atom. 
Table |TT] shows the typical frequency ranges where differ- 
ent CN stretching modes are expected to be observed, 
when the cyano-moiety is in a bimetallic bridge (an Fe- 
CN-M environment, where M = 3d metal ion). The given 
frequency ranges are estimates based on literature and 
experimental data of materials containing the specific or 
closely related CN-cnvironments (varying the N-bound 
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FIG. 5: Left panel: Fe 2p^/2 core level photoemission spec- 
tra of sample C (Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20) 
collected at 325, 210, 100 and 50 K. Solid lines depict fits 
to the raw data. Spectra indicated with an a) refer to mea- 
surements recorded during the cooling run, whereas spectra 
indicated with a b) were recorded during the subsequent heat- 
ing run. The binding energy scale is corrected for the tem- 
perature dependent shift (see text) for clarity. Right panel: 
Corresponding Cu 2p3/2 core level photoemission spectra of 
sample C recorded at different temperatures during the same 
cooling and subsequent heating cycle. 

metal ion)j ^^i^^i^^i'^^i^^i'^'' Across the thermal phase tran- 
sition, in addition to the intervalence charge transfer, the 
Rba;Mn[Fe(CN)g] (2+x) ■zH20 lattice also contracts by ap- 

3 

proximately 10 %. This volume change decreases the 
average bond lengths in the system, thereby generally 
increasing the vibrational frequencies. 

The Raman spectrum of all three samples at room tem- 
perature (in the HT phase) in the spectral window 2000- 
2250 cm~^ is shown in Fig. [6] Samples were heated to 
330 K prior to measurements to ensure the samples were 
in their HT phase. Group theory analysis predicts that 
the vibrational stretching mode of the free CN^ ion {Ai 
symmetry) splits up into an Ai, an E and a T2 normal 
mode, when the CN moiety is placed on the C2V site of 
the _F43m (r|) space group (the space group in the HT 
phasei^^i^^). 

From the corresponding Raman tensors^ it is clear 
that the Ai, and E normal modes are expected to be 
observed in the parallel polarization spectra of figure 
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TABLE II: Specific frequencies and frequency ranges for CN 
stretching modes, vcn of CN-moieties in different environ- 
ments in Prussian Blue Analogues (M = 3d metal ion). 



CN-moiety 


i^CN (cm~^) 


CN-(aq) 


2080^ 


Fe"-CN-Mn" 


2065^ 


Fe"-CN-Mn"' 


2095, 2096, 2114i^'2fl 


Fe"-CN-Cu" 


2100^ 


Fe"-CN-Mn"' 


21142a 


Fe"'-CN-Mn" 


2146, 2152, 2155, 




2159, 2165, 2170i2>2a'2ai^ 


Fe"^-CN-Cu" 


7323^ 



Fe"-CN-M" 
Fe"-CN-M'" 
Fe"'-CN-M" 
Fe"^-CN-M"' 



2065-2100^'^'^'^ 

2090-2140i^i2^>^>^ 
2146-2185i2'S3i34^^^ 

2180-2210i2^'i 



",34.35 



1900 
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FIG. 6: Raman scattering spectra for all samples recorded at 
room temperature. Multiple lorenztian contributions (color 
filled peaks) were summed to obtain a fit (solid yellow line) 
to the data (black circles). Red peaks correspond to the 
HT configuration of the material (Fe"'-CN-Mn"), while blue 
peaks represent the LT configuration (Fe"-CN-Mn"'). The 
orange peak in the lowest panel (sample C) represents the CN- 
vibrations corresponding to Fe^^^-CN-Cu^' configurations. 



ini (due to their non-zero diagonal tensor components). 
Indeed, all spectra show a double peak structure (red 
colored lines), with vibrations at 2156 and 2165 cm~^, 
which are ascribed to the Ai and E normal modes of 
the Fe"^-CN-Mn" (HT phase) moieties. These peaks 
are observed in the expected frequency range (see ta- 



ble |TT| and are consistent with IR-dat a^^i"^^'^^ and previ- 
ous Raman measurements j^i^i^ Also, the spectra of all 
samples show some additional Raman intensity at lower 
wavenumbers (blue colored lines), consistent with the 
presence of LT-configuration moieties (Fe^^-CN-Mn'^^^, 
table |TT]), as was observed in the XPS data. In sam- 
ples A and B, one can distinguish clear peak features at 
~2080 and ~2118 cm~^ on top of the broad LT-phase in- 
tensity, whereas sample C shows only a featureless broad 
band. The presence of Fe^^^-CN-Cu^^ cyano bridges in 
sample C is reflected in its spectrum through a shoulder 
on the high wavenumber side of the double peak struc- 
ture (orange filled peak). The incorporation of Cu^^ ions 
into the lattice is also evident in the width of the lines; 
inhomogeneous broadening as a result of the increased 
degree of disorder causes the peaks in sample C to be 
broader with respect to those in samples A and B, which 
is arguably also the reason the LT peak features are not 
distinguishable in sample C. Unfortunately, no reliable 
quantitative estimation regarding the Fe^^^/Fe^^ ratios 
can be made from the intensities of the Raman lines, 
since these involve a phonon-depcndent proportionality 
factor. In addition, possible photo-induced LT to HT 
switching at these temperatures would further complicate 
such estimations. Nonetheless, changes in the intensity 
of one phonon as a function of, for instance, temperature 
can give information on relative quantities of the given 
phonon. 



Temperature dependence 

Table illustrates the effect of the variation of va- 
lence of either of the metal ions in an Fe-CN-M (cyano) 
bridge on the vibrational stretching frequency of the CN- 
moiety (i^cn)- The predominant trend is an increase in 
j/CN with increasing oxidation state of either of the metal 
ions, where the valence of the C-bound metal ion ap- 
pears to have a larger effect than that of the N-bound 
metal ioni^i^ Thus, across the temperature induced CT 
transition in these materials, when the local environ- 
ment changes from Fe"i-CN-Mn" to Fe"-CN-Mn"i in 
the cooling run, a net downshift in vibrational frequen- 
cies is expected. 

The evolution of the parallel polarization Raman spec- 
trum of the three samples across the hysteresis range 
in a cooling run is shown in figure [7l At a tempera- 
ture of 250 K, all samples still show the spectrum typical 
of the HT phase, which is discussed above. Upon cool- 
ing the samples through their respective CT transitions, 
however, the intensity of the HT (red) lines goes down 
and simultaneously, the intensity of the broad signal at 
lower wavenumbers increases and evolves into several new 
peaks at -2202, -2125, -2108, -2089 and -2080 cm'^ 
(blue lines). In addition, the HT lines are slightly shifted 
to higher frequencies, due to the contraction of the lat- 
tice. This suggests that, although no CT has occurred 
in the inactive fraction of the samples, the lattice does 
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FIG. 7: Temperature dependence of the Raman spectrum of samples A (Rbo.g7Mn[Fe(CN)6]o.98T.03H20), B 
(Rbo.8iMn[Fe(CN)6]o.95-l-24H20) and C (Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20) across the hysteresis range in a cooling 
run. Multiple lorenztian contributions (color filled peaks, red = HT, blue = LT, orange = Fe"^-CN-Cu") were summed to 
obtain a fit (solid yellow line) to the data (black circles). Spectra are normalized to the total integrated scattering intensity in 
the 2000-2250 cm"^ window. 



contract. Even though no quantitative Fe^^^/Fe^^ ratio 
can be extracted from the Raman spectra, the presence 
of both HT (red) and LT (blue) lines seem to indicate an 
incomplete CT transition, in accordance with the XPS 
results. Consequently, multiple different Fe-CN-M en- 
vironments are present in the LT phase of the samples, 
which explains the large number of lines observed in their 
Raman spectra. Next to the residual HT Fe"^-CN-Mn" 
configuration (red lines) and the LT Fe^^-CN-Mn^^^ con- 
figuration, also Fc"-CN-Mn" and Fc"i-CN-Mn"i config- 
urations are present in the LT phase. The latter configu- 
ration is confidently assigned to the 2202 cm~^ line, since 
it is the only configuration in which z^cn is expected to 
increase (Table HI)) . Less straightforward is the assign- 
ment of the other configurations since their cyano vi- 
brations are expected to occur in overlapping frequency 



ranges. In addition, the modes arising from these con- 
figurations are also expected to have split into multiple 
normal modes due to the crystal symmetry. For com- 
parison, when assuming the space group /4m2 (that of 
Rb^Mn[Fe(CN)6] (2+^-zH20 in the LT phasei^i^SiSS ) , the 

3 

CN vibrational mode splits up into 2 Ai, a Bi, a B2 
and an E mode, of which three (2 Ai and Bi) would be 
observed in parallel polarization spectra. Nevertheless, 
based on the expected frequencies (table HT)) and the ex- 
pected symmetry splitting the 2125, 2108 and 2089 cm^^ 
lines are assigned to symmetry split normal modes of the 
Fe'^^-CN-Mn'^^ LT configuration, in agreement with Cobo 
et al^, while the 2080 cm^^ line is again tentatively as- 
signed to the Fe^^-CN-Mn^^ configuration. Due to the fact 
that the Fe"-CN-Mn" and Fe"^-CN-Mn"i configurations 
occur at the interface between a metal ion that has and 
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a metal ion that has not undergone CT (generally in an 
environment with local inhomogeneities), the symmetry 
splitting of the modes assigned to these configurations 
is lost in the inhomogeneously broadened width of their 
corresponding lines (2080 and 2202 cm^^). One may also 
expect the Raman spectrum of sample C in the LT phase 
to show vibrations arising from the Fe^^-CN-Cu^^ (« 2100 
cm~^) and Fc^^^-CN-Cu^'^ (« 2175 cm~^) configurations, 
however, due to their low intensity and frequency over- 
lap with more intense lines, it is not possible to resolve 
these lines in the present data. Overall, the temperature 
dependence of the Raman spectrum is in general good 
agreement with the XPS measurements, nicely demon- 
strating the temperature-induced CT transition. In addi- 
tion to the changes in the vibrational spectra, all samples 
show a pronounced color change across the CT transition. 
The samples are substantially darker in their LT phase 
and are more susceptible to laser-induced degradation. 

Photoactivity 
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FIG. 8; Raman spectra of all three samples at 100 K and 90 K 
below the hysteresis in a cooling run. In all samples, the spec- 
tra at 90 K show an increase in intensity of the HT lines and 
a decrease of the LT lines with respect to the corresponding 
100 K spectra. This is attributed to the photoactivity of the 
material (see text). All spectra are normalized to the total 
integrated scattering intensity in the 2000-2250 cm~^ spectral 
window 

Remarkably, at a temperature of 90 K, the Raman 
spectra of the samples show the material has regained 
some intensity in the HT (red) lines at the cost of the 
LT (blue) lines (see fig [5]) , breaking the general trend of 
an increasing LT fraction with decreasing temperature. 



Also, the double peak structure in sample C again shows 
a clear shoulder on the high frequency side, arising from 
the Fe^^'^-CN-Cu^^ cyano bridge. These features are ex- 
plained in terms of the photoactivity of the material upon 
excitation of the sample using the Raman laser probe 
(532 nm). Around 90 K, Rb:,Mn[Fc(CN)6] (2+x) -zHzO 

3 

has been shown to be photo-excited into a metastable 
state upon 532 nm laser excitationj ^"'^^ The resulting 
metastable phase is described as 'HT-like', meaning that 
the predominant valence configuration is Fe^^^-CN-Mn^\ 
which is consistent with the present and earlier— Ra- 
man spectra at these temperatures. A local laser induced 
heating effect is excluded, since the effect is not observed 
just below the corresponding hysteresis loops. Also, the 
metastable phase is stable in absence of laser irradiation 
and only relaxes to Fe^^-CN-Mn^^^ ground state above a 
certain relaxation temperature (see below). In addition 
to the spectral changes, the sample is also observed to 
undergo a change in its optical properties under 532 nm 
excitation at this temperature: the excited material takes 
the substantially lighter HT appearance (the inverse of 
the color change seen when cooling through the CT tran- 
sition). A similar effect is seen around 90 K: spectra 
recorded at 100, 80, 70, and 50 K also show increased in- 
tensity in the HT lines. The effect becomes increasingly 
less pronounced as the temperature deviates more from 
90 K, which appears to be the temperature of maximum 
efficiency in photo-conversion. As the photo-conversion is 
accompanied by a color change, the (meta)stability of the 
photo-excited state is easily monitored visually, observ- 
ing the sample color under a microscope. Consequently, 
the photo-excited 'HT-like' state was found to be persis- 
tent after excitation for at least 2 hours (without laser 
irradiation) at 90 K, showing no signs of relaxation to the 
darker LT ground state. During a subsequent slow heat- 
ing (~ 0.5 K/min.) process the photo-excited state was 
visually monitored and found to relax to the LT ground 
state at a temperature of ~ 123 K (see movie clip in 
Supporting Information), consistent with the relaxation 
temperature reported by Tokoro et ali^ (120 K). A more 
elaborate study of the photo-conversion of the material 
as a function of temperature, excitation wavelength and 
intensity is required to elucidate the nature of this fas- 
cinating metastable photo-induced phase, the conversion 
mechanism involved and the striking temperature depen- 
dence of the effect. 



IV. CONCLUSIONS 

In conclusion. this work demonstrates the 
temperature-induced charge transfer transition in 
different Prussian Blue Analogue samples through 
a number of different experimental techniques, re- 
vealing the substantially reduced conversion factor 
of the surface material with respect to the bulk ma- 
terial. All three techniques, magnetic susceptibility 
measurements, XPS and Raman spectroscopy, show 
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the thermally induced charge transfer transition, 
which can be described as Fe^^^{t^g, S=V2)-CN- 
Mn'\t%el 8=5/2) ^ Fe''{t%, S=Q)-CN-Mn''\t%el 
S=2). Magnetic measurements indicate the bulk 
material shows a high degree of conversion (near max- 
imal) in sample A (Rbo.97Mn[Fe(CN)6]o.98-l-03H20), 
while the conversion fraction is lower in sample B 
(Rbo.8iMn[Fe(CN)6]o.95-l-24H20). This is according 
expectation, as sample A is much closer to a Rb:Mn:Fe 
stoichiometry of 1:1:1. However, X-ray photoemission 
spectroscopy reveals a substantially lower HT — > LT 
conversion at the sample surface of all samples, the 
fraction of metal centers not undergoing the charge 
transfer transition is by far dominant at the surface, 
even in the highly stoichiometric sample A. This shows 
the intrinsic incompleteness of such systems to be due to 
surface reconstruction. Additionally, the CT transition 
is found to be much more smooth and continuous at the 
surface of the samples, due to the fact that cooperativity 
is effectively eliminated when the HT to LT conversion 
fraction is very low. 

Though substitution of a fraction of the 
Mn'^ ions by Cu^^ ions (in sample C, 
Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20) is shown 
to reduce the degree of LT to HT conver- 
sion, the reduction is comparable to the frac- 
tion of Cu ions being substituted; for sample C 
(Rbo.7oCuo.22Mno.78[Fe(CN)6]o.86-2.05H20), which con- 
tains 22 % of Cu on the Mn-positions, still 76 % of the 
maximum possible Fe"i(t|g, S = V2)-CN-Mn"(t3ge2, 
S = 5/2) -> Fc" it%, S = 0)-CN- Mni"(i3gei, S ^ 2) 
conversion is observed, which is comparable to the 
percentages found in sample B, which has no Cu incor- 
porated in the lattice. Thus, the random substitution 
has little to no effect on the charge transfer capability 



of individual metal clusters. In fact, a simple numerical 
analysis shows local Fe[-CN-Mn]5[-CN-Cu] and even 
Fe[-CN-Mn]4[-CN-Cu]2 clusters are not deactivated 
regarding charge transfer. Temperature dependent 
Raman spectroscopy is in agreement with above results, 
clearly displaying the charge transfer transition to be 
incomplete in all samples. Summarizing, these results 
show that the maximum total degree of HT — > LT con- 
version in these systems, found for highly stoichiometric 
samples is intrinsically limited by the fact that surface 
reconstruction deactivates metal clusters at the surface 
of the material regarding charge transfer. 

At temperatures of 50-100 K, a remarkable pho- 
toactivity of the material is observed. Raman spectra 
in this temperature interval show the material to be 
photo-excited from the LT state, into a metastable 
"HT-like" state, meaning that the predominant valence 
configuration in this state is Fe'^^^Mn^^. This photo- 
conversion, which appears to be most efficient at 90 
K, is accompanied by substantial color changes and is 
found to be stable below a relaxation temperature of ^ 
123 K. How this state is related to the photo-excited 
(meta)stable phase at very low temperatures is not clear 
at the moment, further investigations are required to 
determine its exact nature and fascinating temperature 
dependence. 
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The theoretical C values were calculated using the formula 

C = ^^^^ Yli CiSi{Si + l), where Na is Avogadro's num- 
ber, hb is the Bohr magneton, g is the g-factor, taken as 
2, Si is the spin of the various transition metal ions in the 
sample, Ci is the corresponding stoichiometry coefficient 
of those ions (as given by the elemental analysis) and fcs 
is Boltzmann's constant. Assumed in the calculation for 
samples A and B was that all Fe-ions and the correspond- 
ing amount of Mn-ions undergo charge-transfer across the 
transition, the excess Mn-ions were assumed to remain in 
the bivalent, S = 5/2 state throughout the whole temper- 
ature range. In the case of sample C all Mn-ions and the 
corresponding amount of Fe-ions were assumed to undergo 
transfer (Since in this sample the Fe-ions outnumber the 
Mn-ions). Additionally, the Cu-ions were assumed to re- 
main in their bivalent, S = 1/2 state at all temperatures. 
As the formula implies, the orbital momentum L was taken 



as for the transition metal ions. Also, the g value is taken 
as 2. 

The inactive fraction (IF) is defined as the fraction of the 
magnetic species not undergoing the ET transfer transi- 
tion, even though ET is stoichiometrically possible. I.e., 
the magnetic species that do not undergo ET due to 
Fe:Mn nonstoichiometry are excluded. The estimated bulk 
IF values were calculated by matching the formula C = 

^ijfcg^ ^iCiSi{Si + 1) (see reference above) to the ex- 
perimental C-value of the corresponding LT phase. The 
estimated surface IF values are calculated from the experi- 
mental Fe'''/Fe'' ratios extracted from corresponding XPS 
spectra. For sample C the IF is corrected for the material 
that is unable to undergo ET due to the #Fe>#Mn non- 
stoichiometry. 
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